Abstract-In this paper, a metal-clad planar optical waveguide biosensor with five layer structure is studied theoretically for the detection of Pseudomonas and Pseudomonas-like bacteria. Using a very simple boundary matching technique, we derive the mode equation and other necessary formulae for the proposed biosensor and analyse its performance under different conditions related to its constituents. The numerical results presented in this paper leads to a significant optimization of the important design parameters to sense micro-scale biological objects. Also, we compare our computed results with the results given for a biosensor with four layer structure. In addition, we discuss the importance and need of the inclusion of the thickness of an affinity layer as fifth layer in the four layer structure of the metal clad planar waveguide.
INTRODUCTION
A biosensor is a self contained integrated device which can provide specific and quantitative analytical information about the presence or the concentration of biological molecules, structures and microorganism ranging in size from nanometers to micrometers such as DNA, proteins, lipid bilayers, bacteria and whole cell behaviour. In a classic paper [1] , Tiefenthaler and Lukosz introduced for the first time, a planar optical waveguide for sensing gas and humidity by measuring a change in the refractive index (RI) of the material contained in the cover of waveguide. Thereafter, tremendous advances in optical waveguide sensors have taken place for humidity sensing, heavy metal ions sensing, chemical sensing, biochemical sensing and biosensing [2] [3] [4] [5] [6] . The tremendous international interest in optical sensors can be seen from the very large number of research, technical and review articles published in several international journals of repute [7] [8] [9] [31] [32] [33] . Optical fiber based biosensors have been the focus of a large volume of research in the past few years. Enzyme optical fiber based biosensors continue to be the most commonly reported type [10] . However, the number of publications on immunoassay, nucleic acid and whole cell optical fiber based biosensors has greatly increased [9] [10] [11] . Presently Surface Plasmon Resonance (SPR) sensor technology has been commercialized, and SPR biosensors have become a central tool for characterizing and quantifying bimolecular interactions [12, 13] . The optical waveguide sensor is also known as evanescent wave sensor because of the evanescent wave entering into the cover medium whose RI is to be measured. But the probing depth of the evanescent field has an upper limit of 100-150 nm. Therefore, such sensors can only detect biological substances in the close vicinity to the sensor surface limited to below 200 nm. But for whole-cell behaviour and micron sized biological objects, the probing depth of the evanescent field must be increased. Recently Horwath et al. [14] have shown that probing depth can be increased much using reverse symmetry configuration for detecting whole-cell behaviour and micron sized biological objects.
Very recently metal clad optical waveguide sensors have been applied to detect biological objects of micrometer size [15, 16] . Significant attempts have been made towards the development of evanescent field (EF) sensor for biological sensing which are based on the interaction of evanescent field of a planar waveguide mode with the surrounding media and the resulting perturbation of waveguide mode effective index [17] [18] [19] . Using the thin high contrast index material such as silicon-on-insulation (SIO) photonic wire based technique, Densmore et al. [20] have shown that simple SOI-wire-waveguide based EF sensors can provide a higher sensitivity to surface adsorption and bulk homogeneous index change than planar waveguide sensor because such high index contrast waveguides give large and strongly localized electric field distribution with penetration depth much larger than the 200 nm needed for better biological sensing [14] . Despite these advances [21] [22] [23] [24] [25] much more work needs to be done before optical fiber based-biosensors become commercially viable option for sensing. Moreover the attachment of marine Pseudomonas sp. to a variety of surface was investigated and it was found that these bacteria are attached not only on special carbon sources (nicotine, toluene, octane etc.) but also on some hydrophobic plastic [Teflon, polyethylene, polystyrene, poly(ethylene terephthalate)] with little or no surface charge [26] [27] [28] [29] [30] .
In the present investigation, we report a theoretical analysis of a metal-clad planar waveguide based biosensor having five layers for the detection of Pseudomonas and Pseudomonas-like bacteria. Here we propose to take 1 mm thick glass plate as a substrate [n S = 1.48534(FK51A)], a metal cladding of 30 nm silver (n M = 0.065 + i4.0) or gold (n M = 0.15+ i3.2), a 500 nm thick polystyrene (PS) film (n F = 1.59); the affinity layer is approximately 30-60 nm thick and coated with carbon source or hydrophobic plastic. The necessary formulas are derived and given in appendix to study the performance of proposed biosensor under different conditions related to its constituents. The numerical results presented in this article are compared with those of metal clad planar waveguide biosensor having four layers [16] . Comparison leads to a significant optimization of the important design properties to sense micron-scale biological objects like Pseudomonas and Pseudomonas-like bacteria.
The present study is organized in the following way. Section 2 is the modeling section where description of the modeling is given in brief and related equations which are given in appendix in detail. Section 3 is concerned with the application of our formulation for a new structure for some chosen parameters. Here we examine the sensing features and the different behaviours of our proposed structure theoretically. Finally, in Section 4, conclusions are presented and it has been emphasized that dip type silver metal clad planar waveguide biosensor is more preferable for microbial detection. In this section, we will present several numerical results to demonstrate the need of the inclusion of the thickness of an affinity layer as the fifth layer in the four layer structure of the metal clad planar waveguide [15, 16] .
THEORETICAL MODELING
A schematic configuration of the proposed waveguide is shown in Fig. 1 . It consists of five layers of a substrate (S), a metal (M ), a film (F ), an affinity layer (A) and a cover (C). A thin metallic layer with permittivity ε M , permeability μ M , and thickness d M is sandwiched between a semi-infinite substrate with permittivity ε S , permeability μ S , and a guiding layer with permittivity ε F , permeability μ F , and thickness d F . The upper surface of the guiding layer is coated with organic material with permittivity ε A , permeability μ A , and affinity thickness d A and covered by cladding with permittivity ε C and permeability μ C . Here we assume that all the materials are nonmagnetic i.e., μ s = 1; also all the materials are lossless, i.e., ε s are real except the metallic region. In order to see the sensor performance we solve Maxwell's equations for the five-layered structure and get the Helmholtz equations which are outlined in appendix in more details with their solutions. Now applying the boundary conditions and considering that the fields and their first derivative should be continuous at the substrate-/metal, metal-film, film-affinity, affinity-cover media boundaries. As a result of this matching we get the following dispersion relation for the proposed five layered waveguide.
where all the terms are defined in appendix. Finally, by using some straightforward steps the reflectance of the proposed waveguide can be written as
all the terms are defined in appendix. By matching the field at the boundaries we get a set of eight equations having eight unknown constants. These equations are written as Δψ = 0
where Δ is 8×8 determinant having elements given in appendix.
The modal profile of a waveguide mode for a proposed waveguide structure with a given width and the corresponding effective refractive index and calculated from Eq. (3) can now be calculated from Eq. (5) by assuming one of the field amplitude A F = 1. Moreover the sensitivity of the waveguide is the function of effective refractive index N , affinity refractive index n A , film refractive index n F , affinity thickness d A and film thickness d F .
Hence affinity sensitivity with respect to affinity refractive index and affinity thickness are approximately defined as 
NUMERICAL RESULTS AND DISCUSSION
We have chosen the following parameters: an operating wavelength λ 0 = 0.6328 µm, the refractive indices of the substrate, metal, and film are n S = 1.495, n M = 0.064 + 4i (silver), n M = 0.15 + 3.2i (gold), n F = 1.59 respectively. The corresponding width of metal and film layers are d M = 0.03 µm, d F = 0.5 µm. Now we plot the modal field distribution of the proposed waveguide structure using a very simple approach as described above in Section 2. The field distribution obtained by this approach is shown in Fig. 2(a) and Fig. 2(b) for two different metal films of proposed waveguide structure for TE component. The field distributions are in expected shape. It is clear that in the silver metallic film the field is highly attenuated compared with the field obtained in the case of gold metallic film at substratemetal surface. This indicates that the silver metallic film at substratemetal surface provides a sharper reflectance dip than the gold metallic film. Therefore, silver-metallic film is preferable to resolve the small changes in RI (n c ) of cover medium. The sensor property of the proposed waveguide is optimized by achieving the largest change in the reflectance of the waveguide. Hence we compute the values of reflectance reflectance R using Eq. (2) for various values of incident angle θ I and we plot the curves between R and θ I as illustrated in Fig.  3 and Fig. 4 .
It is clear from Fig. 3 and Fig. 4 that as the cover refractive index changes from n C = 1.33 to n C = 1.35 the dip of reflectance shifts towards higher value of θ 1 . This will be the signature of bacteria and the shift in the angle θ 1 is totally dependent on the concentration and for gold and have tendency to become sharp for higher refractive index materials for both metallic films. In this way we can say that the silver coating substrate-metal surface will give better information than gold coating. Here we also conclude that if the refractive index of affinity layer (n A = 1.5265) is large then the dip is sharp and we get more reliable information regarding the detection of Pseudomonas and other bacteria.
The variation of sensitivity to refractive index changes
, in the affinity layer with affinity thickness d A for above three chosen materials is given in Fig. 5 (silver) and Fig. 7 (gold) . In both cases we find the higher sensitivity for nicotine whose refractive index is higher than that of toluene and poly(trifluoroethyl methacrylate). The variation of sensitivity to thickness changes
, in the affinity layer with affinity thickness d A for above three chosen materials is also shown in Fig. 6 (silver) and Fig. 8 (gold) . Here the sensitivity of poly(trifluoroethyl methacrylate) for the silver coated substrate-metal surface is larger than toluene and nicotine upto d A = 85 nm and after this the sensitivity of poly(trifluoroethyl methacrylate) decreases rapidly than those of toluene and nicotine in is also found in the case of gold coated substrate-metal surface in Fig. 7 . Such type of behaviour is not given in [16] . Again, the variation of sensitivity to thickness changes ∂N ∂d A , in the affinity layer with affinity thickness d A for nicotine is smaller than both toluene and poly(trifluoroethyl methacrylate). Now we are in a position to compare our computed results with the results given for four layer structure. Considering Fig. 5 and Fig. 7 it is clear that in our case the sensitivity due to ∂N ∂n A against d A is less than 0.2 where as in the case of four layer structure it is greater than 0.5. But when we examine Fig. 6 and Fig. 8 we note that in our case the sensitivity due to 
CONCLUSION
We have compared silver coated metal-clad waveguide biosensor with the gold coated metal-clad waveguide biosensor having some selected affinity layers for the detection of Pseudomonas and Pseudomonas-like bacteria. The following facts are finally concluded 1) The silver coated waveguide always gives better result than the gold coated one. 2) The affinity layer refractive index should be quite high for sharp dip (as in the case of nicotine which refractive index is higher than poly (trifluoroethyl methacrylate) and toluene). 3) For higher sensitivity the refractive index of affinity layer should be higher while the thickness of affinity layers should be smaller. 4) The choice of affinity layer as the fifth layer in our formulation seems more reasonable and convenient compared to the formation of adlayer during the process. 
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APPENDIX A.
In order to see the performance of proposed biosensor we solve Maxwell's equations for five layer structure and get the Helmholtz equations which can be written as
where ψ represents the electric field for T E-polarized light and the magnetic field for T M-polarized light; ω is the angular frequency of the field and β is the propagation constant in x-direction, which can be written as β = k 0 N , where k 0 is the free space wavenumber, and N is the modal effective index. Hence the solutions of the proposed waveguide for different regions can be written as
Substrate region
. Also the dispersion relation for the proposed five layered waveguide 2πm = 2k
where
The reflectance of the proposed waveguide can be written as 
By matching the field at the boundaries we get a set of eight equations having eight unknown constants. These equations are written as 
